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ABSTRACT

DIETARY CONSTRAINTS AND STRATEGIES IN THE RED-BELLIED LEMUR
(EULEMUR RUBRIVENTER) AND THEIR IMPLICATIONS
FOR CONSERVATION
Amanda Du Bour, M.A.
Department of Anthropology
Northern Illinois University, 2018
Mitchell T. Irwin, Director

Understanding the diet of the vulnerable red-bellied lemur (Eulemur rubriventer) is
essential for preventing its extinction. Previous E. rubriventer research focused on populations in
Ranomafana National Park, located in the southeast part of the island, making research in other
forest locations a priority for the understanding of dietary breadth and constraints in this species.
My research questions consider whether protein is the nutritional driver for foraging choices in
E. rubriventer, how fiber influences cathemeral activity, and seasonal variability in day and night
time dietary items. My research team and I identified the plant and animal species that composed
a single female’s diet in the Ankadivory region, near Tsinjoarivo. A team of three to four people
conducted daytime follows for 30 days during the lean season. For six of these days, three teams
worked in shifts to cover the 24-hour cycle. Additionally, there were six 24-hour abundant
season data collection days following the same procedure. Dietary food items were sampled for
laboratory analysis. Analysis of plant samples for macronutrient content was used to quantify
intake of available protein, non-protein energy (carbohydrates and fat), and fiber. The first
hypothesis I tested, protein is the limiting macronutrient in E. rubriventer diets and it drives
foraging choices, was not supported. The study subject was able to meet her daily requirements

of protein in the lean season, and fat was the most constrained macronutrient between seasons.
The second hypothesis I examined, fiber intake is a good predictor of cathemerality of E.
rubriventer, was also not supported. Fiber was consumed all year at relatively constant amounts
(NDF CV: lean season = 12.7 %, abundant season 9.2 %) and fiber consumption did not
correlate with increased nighttime feeding. The third hypothesis I tested, nighttime diet
composition differs from daytime diet composition, was supported. The E. rubriventer consumed
dietary items higher in fiber during nocturnal feeding bouts (leaves in the lean season and
flowers in the abundant season). This project provides information crucial for a more
comprehensive understanding of food selection by E. rubriventer. The 24-hour diet information
revealed that, for cathemeral animals such as E. rubriventer, only looking at daytime diet
consumption can lead to an inaccurate diet profile.
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CHAPTER 1
RED-BELLIED LEMUR: ECOLOGY AND DIET

Madagascar and The Red-bellied Lemur (Eulemur rubriventer)

In the twenty-first century, habitat destruction is the largest threat to Madagascar’s
primate populations (Ganzhorn et al., 2001). Currently, there is a debate on the extent of
Malagasy forest loss, but some estimates are as high as 90% (Green & Sussman, 1990).
However, habitat fragmentation and edge effects in Madagascar’s forest are universally
acknowledged as severe, with Harper et al. (2007) indicating 80% of the remaining forests are
within 1 km of a non-forest edge. Additional research can help to preserve this island’s primates
and other organisms by facilitating informed conservation decisions; over 90% of plants and
animals are endemic to the island, and most are threatened with extinction (Ganzhorn et al.,
2001).
There are 12 species in the genus Eulemur, and their geographic range forms a ring
around the island of Madagascar (Ossi & Kamilar, 2006; Mittermeier et al., 2010). E. rubriventer
is found on the eastern coast of Madagascar, from the northern Tsaratanana Massif to the
southern forests in the Pic d’Ivohibe Reserve (Irwin et al., 2005; Andriaholinirina et al., 2014).
This lemur is a highly frugivorous quadrupedal species, weighing 1.6-2.4 kg, and is typically
found in two-adult groupings comprised of a mated pair and their offspring (Fuentes, 2002;
Glander et al., 1992; Mittermeier et al., 2010; Ossi & Kamilar, 2006; Tecot et al., 2016). Group
sizes for E. rubriventer vary from two to ten individuals, and the size of their home range is
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approximately 12-15 ha (Mittermeier et al., 2010; Andriaholinirina et al., 2014).
Malagasy forests are subject to extreme levels of seasonality affecting food resources.
One way in which E. rubriventer mitigates the effects of these food shortages is to form pair
bonds (Overdorff & Tecot 2006). Pair-bonding ensures male assistance in defense of discrete
home ranges and active care for infants (Overdorff & Tecot 2006). Adult females may forage
alone as a means of reducing feeding competition with other individuals, and it is hypothesized
that pair-bonding occurs when males are unable to monopolize multiple females occupying
different areas of habitat (Tecot, 2010). Resource scarcity may explain why females are
typically highly aggressive to other female conspecifics and often drive competitors away,
leaving E. rubriventer females sparsely distributed in low densities (Fuentes, 2002; Tecot, 2010;
Tecot & Romine 2012).
Fruit sources are generally dispersed throughout E. rubriventer forests, making it
necessary for the animals to travel relatively long distances between food patches (Overdorff &
Tecot 2006). Non-clumped food resources can put animals under energetic stress because they
need to travel long distances, and spend great amounts of energy, to reach food resources. If
dispersed resources are not abundant enough, an animal’s food intake may not offset its travel
costs. This energetic stress causes nutritional stress because more food is required to meet the
animal’s basic needs. It is thought that the combination of extreme seasonality and non-clumped
food resources puts the E. rubriventer species under nutritional stress (Koenig 2002).
E. rubriventer is unique among lemurs in that it does not have a strongly defined
breeding season (Wright et al., 2012). E. rubriventer breeding is likely dependent on the
availability of fruit during key reproductive stages. Infants born out of the abundant (fruit-rich)
season have a very high mortality rate, and this observation demonstrates that fruit availability is
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critical to these animals’ fitness (Tecot, 2010).

Previous Research with the Red-bellied Lemur and in Tsinjoarivo

Feeding, and thus nutrition, plays a central role in an animal’s biology, and historically,
this has been a central topic of primate research (Kerr, 1972; Iwamoto, 1982; Lambert, 2007;
Raubenheimer et al., 2009). Several researchers have worked extensively with E. rubriventer in
Ranomafana National Park (RNP), but their studies did not include nutritional research
(Overdorff, 1991; Overdorff, 1993; Overdorff, 1996; Overdorff & Tecot 2006; Tecot, 2010;
Wright et al., 2012). Additionally, the research at RNP constitutes the majority of research on E.
rubriventer. Thus, its diet in other regions of its geographic range is not well known.
Overdorff conducted dietary and behavioral research in the early 1990s, focusing on the
coexistence of E. rufifrons and E. rubriventer (Overdorff, 1991; Overdorff, 1993; Overdorff,
1996). During a comparative study of E. rufifrons and E. rubriventer in the RNP, Overdorff
(1993) found that diets E. rubriventer in RNP were composed of about 80% fruit, 15% more than
E. rufifrons. Other dietary studies for E. rubriventer at RNP showed that flowers located at the
tips of branches and fed on mostly at night sustained E. rubriventer throughout the lean season
(Lockhart, 2012).
My research project is the first diet and nutritional study of E. rubriventer at the study
site of Tsinjoarivo and the first study to quantify their nutritional intakes. In addition, Eulemur
rubriventer is a cathemeral species (fluxing its activity between day and night); however, no
research has been done on its nutritional balancing and nighttime activity; thus, our
understanding of their nutritional profile is incomplete (Engqvist and Richard, 1991; Curtis,
2006; Tarnaud, 2006; Eppley et al., 2017).
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A better understanding of the dietary profile of E. rubriventer will facilitate conservation
efforts. For example, Irwin (2008) describes how Propithecus diadema inhabiting fragmented
forest in Tsinjoarivo depended heavily on a specific species of mistletoe during the lean season.
E. rubriventer are not found in disturbed areas in Tsinjoarivo, even though previous studies in
RNP showed they would tolerate disturbed forest more than other frugivorous lemurs (Herrera et
al., 2011). This lack of E. rubriventer in the disturbed forest of Tsinjoarivo suggests that the
feeding trees E. rubriventer depend on are not available, and if so, future planting efforts of the
feeding trees in the area could increase E. rubriventer’s range.

CHAPTER 2
NUTRITIONAL ECOLOGY

Nutrients

A species diet is described by the most habitually eaten food category; for primates these
include frugivory (fruit), folivory (leaves), gummivory (exudates), granivory (seeds), insectivory
(insects), and faunivory (animals). It is important to note that for many primates these categories
are flexible, vary seasonally, and depend on food availability (Lambert, 2007). E. rubriventer is
no exception; they are highly frugivorous but are also known to consume leaves, flowers,
exudates, seeds, and invertebrates (Overdorff, 1993; Ganzhorn et al., 2009; Tecot, 2010). To
understand why E. rubriventer and other primates diversify their diet, one needs to understand
what nutrients they need to survive and which foods provide those nutrients.
Foods deliver three distinct types of macronutrients: proteins, carbohydrates, and lipids.
Organisms must consume large quantities of macronutrients since they serve vital biological
roles; such as providing energy, protein and essential fatty acids (Felton et al., 2009). Primate
taxa consume different proportions of all three macronutrients. Leaves, insects, and other types
of animal matter are the main sources of protein in primate diets. Fruit pulp is an excellent source
of energy via carbohydrates; other plant parts are sources of carbohydrates as well, but these
food items (e.g., leaves, bark and exudates) often require specialized gut adaptations to process
them adequately. Animal matter, seeds, and the arils of some fruit species provide lipids for
primates (Lambert, 2007). All three of these macronutrients deliver energy to animals, but
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proteins are unique because they are also the building blocks of body tissues (Simpson &
Raubenheimer, 2005; Felton et al., 2009). Primates, like other animals, have minimum
requirements for both energy and protein.
Proteins are composed of amino acids, which are attached by peptide bonds to form a
protein structure. The body does not synthesize nine of the twenty amino acids required for
proper body maintenance. These nine essential amino acids must be consumed (Lambert, 2007).
Due to protein’s paramount roles in the growth and replacement of tissues in the body, proteins
are often the limiting factor for growth, health, reproduction, and ultimately survival. Proteins,
therefore, are prioritized in the diet of many primates (Barboza et al., 2009; Felton et al., 2009).
There are two ways to measure proteins: crude protein (CP) determines a food’s total protein;
available protein (AP) refers to the protein that is not bonded with indigestible fiber and
ultimately the amount that can be digested by an organism (Barboza et al., 2009).
There are three types of carbohydrates: monosaccharides, disaccharides, and
polysaccharides. Monosaccharides and disaccharides are soluble sugars, and organisms can
easily digest them to acquire energy. There are two types of polysaccharides, both of which are
harder to digest than mono- and di-saccharides. The first type, starch polysaccharides, are
produced in long chains to store energy in the body. The second type, non-starch polysaccharides
are used for structural support. Silica, lignin, cellulose, and hemicellulose are types of non-starch
polysaccharides that are composed of digestible and non-digestible carbohydrates containing
cell-wall-bound proteins. The digestion of fibrous non-starch polysaccharides, such as cellulose
and hemicellulose, is time-consuming, and it is thought that herbivores are unable to absorb all
the energy and nutrients they contain. Thus, fibrous non-starch polysaccharides require long
digestion times and most primates must limit their consumption of foods containing these
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carbohydrates (Rothman et al., 2012; Eppley et al., 2017). Non-starch polysaccharides can also
affect the absorption of other nutrients, such as proteins. Proteins bound in cell-walls can be
indigestible without the aid of specialized gut morphology housing beneficial bacteria, and are
responsible for the difference in measuring CP and AP (Felton et al., 2009).
Lipids are fatty and waxy organic compounds that serve varying roles in animal and plant
bodies, including energy storage, forming the structural component of cell membranes, and
molecules used in cell signaling (Fahy et al., 2009). Fats are a subgroup of lipids called
triglycerides and are the most energy dense macronutrient. Other types of lipids include fatsoluble vitamins (such as vitamins A, D, E, and K), cholesterol, and fatty acids (Michelle et al.,
1993; Barboza et al., 2009). Although mammals have biosynthetic pathways to break down and
synthesize lipids, some essential lipids are unable to be synthesized by the body and must be
obtained from the diet (Michelle et al., 1993).
Micronutrients (minerals and vitamins) are needed in relatively smaller amounts than
macronutrients. Micronutrients do not provide energy to organisms but are essential catalysts for
metabolic processes (Cancelliere et al., 2014). Vitamins are large organic compounds that can
only be manufactured organically. Minerals are smaller inorganic compounds that, unlike
vitamins, cannot be manufactured organically. The amount of micronutrients required for proper
homeostasis can vary greatly among species. Wild primates acquire necessary amounts of
micronutrients from their main dietary components and may target particular food items high in
micronutrients to meet their bodily needs. Folivorous primates, for example, may consume
specific parts of a plant that contain higher levels of micronutrients (Milton, 2003).
Alternatively, primates may practice geophagy, the consumption of soil or rotting wood as a
means to obtain needed minerals (Gorilla beringei) (Krishnamani & Mahaney, 2000; Cancelliere
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et al., 2014).

Nutritional Ecology Models

Nutritional ecology is a broad field of study that encompasses the disciplines of ecology,
nutrition, behavior, life history, physiology, evolutionary biology, and morphology. This area of
research provides insight into broader questions relating to a primate species’ abundance, niche
separation, social behavior, and feeding adaptations (Raubenheimer et al., 2009). Macronutrients
are the focus of many nutritional ecology studies because of the key roles they play in an
organism’s survival. Analyzing food nutrient composition allows for the creation of a dietary
nutritional profile. Five major models attempt to define the primary nutritional goals for an
individual, although these can also be used to define the nutritional strategy of a species
(Raubenheimer et al., 2009). Of these five non-mutually exclusive models, four relate directly to
the hypotheses proposed in this project.
The first model involves energy maximization, stating it is advantageous for individual
primates to maximize their energy yield per unit of time feeding. The second model concerns
protein and is referred to as nitrogen-maximization because protein is often assayed by analysis
of the nitrogen content in food items. Wild primates frequently prioritize protein in their diet,
making protein a key and perhaps a limiting nutrient for these species (Felton et al., 2009; Vogel
et al., 2012).
The third model involves the avoidance or regulation of Plant Secondary Metabolite
(PSM) intake (Felton et al., 2009) and has been applied to folivores, as PSMs are most abundant
in leaves and seeds, and therefore may constrain folivores’ dietary choices (Felton et al., 2009;
Raubenheimer et al., 2009). There are two types of PSMs: toxins and tannins (Barboza et al.,
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2009). Toxins are small molecules that pass across gut membranes and interfere with physiology.
Tannins are larger molecules that bind to proteins, interfering with nutrient absorption. There is
little research on the impact PSMs have on primate diet choice, and most of it has been
conducted on tannins only (Lawler et al., 1998; Barboza et al., 2009; Felton et al., 2009).
The fourth model centers on how the actual physical space in an individual’s stomach
restricts its dietary choices. This model describes how food selection is designed to limit fiber
intake. Dietary fibers require consumption in large quantities with long periods of digestion,
making it difficult to consume sufficient amounts of this food type. Animals vary in their ability
to digest complex dietary fibers completely, such as cellulose and lignin (Felton et al., 2009).
The fifth model is based on nutrient balancing and focuses on how individual primates
balance their nutritional intake to achieve particular goals, for example, to consume a certain
ratio of protein to fiber (Felton et al., 2009). For primates, nutritional balancing includes the
digestible protein found in foliage and carbohydrates found in fruits. Studies indicate that a
balance of these food items occurs, but it was not until the implementation of an analytical
framework, named the Geometric Framework (GF) for nutrition, that a pattern could be
empirically demonstrated (Felton et al., 2009).

Geometric Framework

Recently, the introduction of a new model named Nutritional Geometry has allowed for
consideration of how the mixture of nutrients influences health and disease rather than focusing
on any one nutrient in particular (Raubenheimer et al., 2009). Nutritional geometry determines
nutrient prioritization and how the organism balances macronutrient intake. Although nutritional
geometry is relatively new, it has proven to be a useful tool in ecological research

10
(Raubenheimer et al., 2009; Johnson et al., 2013). Nutritional geometry uses GF, a powerful
modeling tool to compare variables represented within a geometric space. These variables can
include two or more nutrients and their impact on an organism’s nutritional state. Viewing
nutrition in this multidimensional context allows for insight into an organism’s nutrient
regulation and balancing (Raubenheimer et al., 2015). GF can also be used to determine the
efficiency of nutrient utilization regarding an organism’s body composition. Additionally, GF
allows us to investigate an animal’s current and optimal nutritional status and performance
consequences (i.e., increased travel distances in the search for food; Raubenheimer et al., 2009;
Johnson et al., 2013). Examples of GF tools used in nutritional studies are right-angled mixture
triangles (RMT), amounts-based nutritional geometry (ABNG), and cumulative plots.

Right-Angled Mixture Triangles (RMTs)

RMTs can plot foods and nutritional outcomes in three-dimensions by using a twodimensional plot with a third, implicit, axis (Figure 1). Representing the contribution of the three
macronutrients as proportions (that sum to 100%) allows for all of the variables to be represented
in a two-dimensional space. RMTs provide a graphic model useful in plotting both food
composition (the proportion of macronutrients in the food) and the diet (which blends the
proportions found in the various foods consumed) (Raubenheimer et al., 2015). When plotting
macronutrients on RMT plots, some researchers only consider easily digestible carbohydrates,
leaving out the fiber (Johnson et al., 2013; Irwin et al., 2015). However, this is only one
application of the technique; this versatile methodology allows many other dietary aspects to be
explored (Raubenheimer and Rothman 2013; Cabana et al., 2015).
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Figure 1: Guide for interpretation of a right-angled mixture triangle (RMT); adapted from
Raubenheimer & Rothman (2013).

Figure 1 presents a guide of how to interpret a right-angled mixture triangle (RMT), a
type of modeling tool in the Geometric Framework for nutrition. This model displays three
variables in a two-dimensional space. An implicit axis enables a three-dimensional repetition in a
two-dimensional plot. The implicit axis forms when all three variables are all set to equal 100%,
in this case, the three macronutrients (protein, fats, and carbohydrates). The x-axis is the
percentage of protein, while the y-axis is the percentage of fat. Carbohydrates are represented by
the implicit axis, named “C” on the figure. The three example points have the following ratios of
macronutrients: i = 20% protein, 70 % fat, and 10% carbohydrates; ii = 65% protein, 25% fat and
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10% carbohydrates; iii = 8% protein, 24% fat, and 68 % carbohydrates (Raubenheimer &
Rothman, 2013).
Irwin et al. (2015) used RMT plots to compare macronutrient-derived energy intakes for
five diademed sifakas (Propithecus diadema) groups in Tsinjoarivo, Madagascar. Of these study
sifaka groups, two lived in continuous (relatively undisturbed habitat) forests and three in
fragmented forests. Irwin et al. focused only on easily-digestible energy and created an RMT plot
for each group. These RMT plots allowed for the visual representation of how habitat
fragmentation affects the sifakas’ ability to balance their nutritional intakes. Sifakas in
fragmented forests tended to have lower contributions from carbohydrates and higher protein
than those in continuous forests. Another difference was recorded with one of the fragmented
groups. This group of lemurs ingested less protein on days with higher fat consumption (Irwin et
al., 2015).
Johnson et al. (2013) used RMT plots when studying one female chacma baboon (Papio
ursinus) in the Cape Peninsula of South Africa who consumed wild and domesticated plant foods
along with human food waste. This study consisted of 30 consecutive all-day follows of a single
female. This methodology allowed for the examination of daily dietary regulation within an
individual over time. The RMT plot showed that human-derived foods were higher in fats and
carbohydrates in comparison to natural foods. Johnson et al. (2013) concluded that the
consumption of human-derived food provided a relatively unbalanced diet for the study subject.
Additionally, almost half of the baboon’s energy intake derived from exotic food items. These
results suggest that nutrient intake is best estimated minimally over an entire feeding cycle. For
baboons, a feeding cycle entails dusk till dawn follows; however, for cathemeral animals this
would mean over a 24-hour cycle (Johnson et al., 2013).
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Cabana et al. (2015) used RMT plots to improve dietary care in captive populations of the
critically endangered Asia’s slow lorises (Nycticebus spp.). Wild lorises largely consume
exudates, insects, and nectar; however, captive populations are often fed large quantities of
fruits. Reports of diet-related health issues affecting captive populations include dental, renal,
and facial problems, obesity, and impaired breeding. Cabana et al. followed 17 Javan slow
lorises (Nycticebus javanicus) at a field site in Cipaganti (Java, Indonesia). Cabana et al.’s RMT
plots displayed relative proportions of NDF, protein, and fat. The RMT plots are empirical
evidence that the nutrients lorises receive in captivity are very different from those they ingest in
the wild. The formation of a new diet for the captive population was proposed that would more
closely emulate the wild diet (Cabana et al., 2015).
Raubenheimer and Rothman (2013) used RMT when synthesizing literature to examine
entomophagy (insect consumption) in humans and nonhuman primates. They used RMT to
explore why entomophagy occurs and what accounts for the variation in consumed insects.
When forming their RMT plots, Raubenheimer and Rothman focused only on the parts eaten.
Protein and fat were placed on the x and y-axes, but instead of plotting carbohydrate on the
implicit axis, they plotted the sum of the water-free non-macronutrient components because of
the lack of digestible carbohydrates in insects. Their RMT plots showed insects eaten by humans
had a different nutritional composition than those consumed by nonhuman primates. Humans
focused on consuming a wide range of protein:fat ratios but overall were generally nutrientdense. In contrast, nonhuman primates consumed insects with high protein:fat ratios
(Raubenheimer and Rothman 2013).
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Amounts-Based Nutritional Geometry

Amounts-Based Nutritional Geometry (ABNG) provides a graphic model similar to RMT
but differs because its axes represent amounts rather than proportions (Raubenheimer et al.,
2015). ABNG yields a graphic model in which aspects of animal nutrition are interrelated within
a multidimensional context, with its axes representing intake amounts (Figure 2). The rails
(straight lines emanating from the origin) represent the ratio of nutrients and allow the reader to
see the highest and lowest ratios found in available foods, which constrain the nutritional space
available to the consumer. ABNG has widespread applications in laboratory studies and has
produced a substantial body of concepts around nutritional problems. These concepts have
demonstrated utility in a range of systems, questions, and contexts (Gosby et al., 2011; Rothman
et al., 2011; Felton et al., 2009; Irwin et al., 2015; Raubenheimer et al., 2015).

Figure 2: Amounts-based nutritional geometry plot. The point represents a nutritional target, the
vertical line represents diets equal in protein content, the horizontal line represents diets equal in
carbohydrate/lipid content and the diagonal line represents diets equal in energy content (Felton
et al., 2009).
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Figure 2 is an example of an Amounts-Based Nutritional Geometry (ABNG) plot. The
point represents a specific intake of both protein energy (x-axis) and non-protein energy (y-axis fat and carbohydrate combined). The gray shaded area between the lines represents space
between nutritional rails representing the proportional makeup of available foods. The rails
therefor are the highest and lowest ratio of AP to NPE (Felton et al., 2009).
Researchers hypothesized that the balance between protein (Available Protein; AP) and
non-protein energy (NPE) (the combination of carbohydrates and lipids) is a key variable in
primate diets, with some primates prioritizing either AP or NPE as a dietary strategy. During this
prioritization, an individual will feed until the target amount of either AP or NPE is consumed,
leading to other dietary components being over- or under-consumed. Identifying prioritized
macronutrients with GF can provide insights into a species’ dietary needs and limitations (Felton
et al., 2009; Gosby et al., 2011; Rothman et al., 2011). The protein leverage hypothesis proposes
that the intake of protein remains constant while diet composition varies (Simpson &
Raubenheimer, 2005; Felton et al., 2009; Gosby et al., 2011). Using GF tools, such as the
ABNG, this hypothesis has been tested with humans (Gosby et al., 2011), spider monkeys
(Ateles chamek; Felton et al., 2009), mountain gorillas (Gorilla beringei; Rothman et al., 2011),
and diademed sifakas (Irwin et al., 2015). These four-primate species have different dietary
habits: omnivorous, frugivorous, folivorous, and folivorous-frugivorous, respectively.
Humans and spider monkeys both show protein optimization. In humans, protein
leverage is thought to be a common cause of excess energy intake leading to obesity. Using
ABNG, it was determined that human diets typically include around 8 grams of protein per day
with the remaining diet composition being fats and carbohydrates. The protein leverage
hypothesis helps explain why a person will continue to feel hungry until he/she reaches this 8-
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gram mark. This means that when consuming a low-protein diet but high-carbohydrate diet, NPE
continues to be consumed indiscriminately often leading to overconsumption of these
macronutrients and excessive calories (Gosby et al., 2011). ABNG yielded a similar pattern in
spider monkeys, where protein was consumed at a low, but constant, daily intake amount, while
there was a large variation in NPE consumption. Over-consumption of NPE correlated
significantly with the availability of ripe fruit (Felton et al., 2009). Spider monkeys seem to be
affected by a protein leverage phenomenon similar to humans’ (Gosby et al., 2011; Felton et al.,
2009).
Studies on folivorous primates have shown the opposite pattern of nutrient prioritization.
Rothman et al. (2011) found that mountain gorillas in Uganda are highly folivorous, but they
consume NPE-rich fruits during two annual high-fruiting periods (up to 40 percent of their diet).
Using ABNG to compare three age sex-classes (adult male, adult female, and juveniles),
Rothman et al. found that the AP:NPE balance differed between seasons but not among age-sex
classes within the seasons. Protein varies across seasons, but the NPE content did not, meaning it
might be NPE that constitutes the target, with protein consumed in excess (Rothman et al.,
2011).
In contrast, nutritional ecology studies with the diademed sifakas in Tsinjoarivo follow a
different pattern. Using ABNG plots, Irwin et al. discovered that sifakas’ AP and NPE intake in
both habitat types increased considerably during the fruiting (abundant) season. This pattern
prioritized neither AP nor NPE; instead, sifaka’s AP:NPE ratio remained roughly constant across
seasons (Irwin et al., 2015).
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Cumulative Intake Plots

GF tools are also used to create state-space models that determine how species balance
nutrients in daily diets. An example of this is a cumulative intake plot that uses linear regression
and coefficient of determination. Johnson et al. (2013) used cumulative plots to examine the
consistency of nutrient balancing in the chacma baboon discussed earlier. By using cumulative
plots, nutrient inputs were analyzed incrementally over 30 days. The coefficient of determination
indicates how well data fit a line (1= fits data perfectly; 0= does not fit the data at all; Johnson et
al. 2013). The state-space model determines the patterns of co-occurrence of nutrients in foods
and/or multiple nutritional daily intakes ingested by the subject. Furthermore, state-space models
can establish a relationship and a correlation of specific macronutrients across prolonged periods
of time (Johnson et al., 2013; Raubenheimer et al., 2009).

Self-Medication in Primates

Parasites can affect the health, behavior, and reproductive fitness of an individual primate
(Huffman, 2016), and some primates may adopt counterstrategies to prevent infection, remove
parasites, or mitigate their effects. Previous pharmacological, parasitological, and behavioral
investigations of non-human primates mainly focused on apes (Huffman 1996; Huffman 1997;
Huffman 2016). Self-medication in these apes included two behaviors: bitter pith chewing and
leaf swallowing, which involves the selection of a specific plant species by conspecific
neighboring groups (Huffman, 1997; Huffman, 2016). Huffman (2016) describes five levels to
demonstrate self-medication and health maintenance in primates: “1) ‘sick behaviors’; 2)
behavioral avoidance or reduction of the possibility of disease transmission; 3) dietary selection
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of items with a preventative or health maintenance effect; 4) ingestion of a substance for the
curative treatment of a disease or the symptoms thereof, and; 5) application of a substance to the
body or a living space for the treatment or control of vectors or external health condition” (p. 1).
In many tropical and subtropical regions, including Madagascar, local human populations
consume a particular species of millipede that has been found to possess antimalarial properties
(Enghoff et al., 2014). Self-anointing with toxic millipedes is recorded in birds and non-human
primates, such as lemurs, presumably using the defensive chemicals of millipedes as an insect
repellent (Enghoff et al., 2014). Self-anointing in black lemurs (Eulemur macaco) involves
salivating and rubbing their body with millipedes from the family Spirostreptidae
(Charactopygus sp.), where the active insect-repellent chemical is thought to be Benzoquinon.
Self-anointing behaviors for the red ruffed lemur (Varecia rubra) and the white-headed lemur
(Eulemur albifrons) included consumption of an unknown millipede species (Enghoff et al.,
2014). During a nutritional study of the Bengal slow loris (Nycticebus bengalensis), Das et al.
(2014) noted a high preference of exudate consumption in tree species that held a medical value
in local traditional medicinal practices.
A way of testing the toxicity of a substance in question is to expose it to a proxy animal.
Two methods of testing if the substance in question is, in fact, toxic to organic life are, 1) the
extent of the survivorship of the proxy animal exposed to the substance and 2) Abbott’s Formula
(Abbott 1925; Waddill 1978; Sulaiman 1992; Caldwell et al., 2003; Reegan et al., 2016).
Survivorship tests examine the proportion of individuals surviving after a particular toxin is
administered at a given dose (Caldwell et al., 2003). Abbott’s Formula examines the extent of the
toxic effect by calculating the efficiency (Abbott 1925).

CHAPTER 3
CATHEMERAL ACTIVITY

Mixing day and night time activity patterns is rare among primates because daytime and
nighttime conditions exert different selection pressures; nonetheless, this activity pattern is
observed in some lemur species (Engqvist and Richard, 1991). Cathemeral activity was first
noted for Varecia, Hapalemur, and Eulemur in the 1960s (Curtis, 2006; Tarnaud, 2006).
Tattersall defined the term cathemeral in 1987 as an animal being active intermittently
throughout the 24-hour cycle of a day. Since the 1980s, research on this phenomenon has
increased. However, the ultimate and proximate determinants responsible for cathemerality
remain unclear (Curtis, 2006; Tarnaud, 2006). Recent technological advancements in GPS
collaring have allowed continuous 24-hour recording of cathemeral animals’ activity allowing
for new insights into this behavior (Curtis, 2006; Eppley et al., 2017).
Traditionally, lemurs are thought to cope with Malagasy seasonality through behavioral
and physiological adjustments. The behavioral adjustments include switching diets and habitat
shifting. Habitat shifting is defined as the temporary travel of an animal outside of its home
range (Erhart et al., 2008). The physiological adjustments include the evolution of gut
adaptations to allow for a seasonal increase in folivory and torpor (or hibernation) to overcome
food scarcity (Donati et al., 2007). E. rubriventer has a highly variable activity cycle and has
been recorded switching from diurnality to cathemerality from one month to the next (Lockhart,
2012). Research into the function of Eulemur cathemerality and other primate species has
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yielded five non-mutually-exclusive hypotheses.
The first hypothesis suggests that lemurs extend their feeding periods into nighttime
hours as a means of coping with increased dietary fiber: because fiber requires longer gut
passage times than other food items, feeding at night can allow digestion during underutilized
hours. Previous research on the effect of fiber consumption on activity patterns focused on the
frugivorous genus Eulemur (Donati et al., 2007; Eppley et al., 2007). Donati et al. (2007) studied
the collared brown lemur (Eulemur collaris) in the littoral forest of southeastern Madagascar
(Sainte Luce) and found that overall diurnal feeding time was higher during the hot-wet season
when its diet is more frugivorous. The degree of nocturnal feeding peaked during the hot-dry and
cool-wet seasons when fruit availability is thought to be low (Donati et al., 2007), thus the
authors conclude that ripe fruit scarcity and high fiber intake are the two best predictors of
cathemerality in E. collaris. This study concluded that it is advantageous during lean periods for
E. collaris to feed over the whole 24-hour cycle when animals have a fiber-rich, low-quality diet
(i.e., lean season; Donati et al., 2007; Eppley et al., 2007). Changing day and night time activity
levels allow the lemur to mitigate periodic food stress (Donati et al., 2007; Eppley et al., 2017).
The second hypothesis suggests that increased nighttime activity is an anti-predatory
strategy to avoid diurnal hawks (Kappeler, 1997; Eppley et al., 2017). Moon luminosity has been
used as a proxy for the risk of predation by nocturnal owls, as brighter moonlight should increase
the predators’ ability to hunt. Alternatively, moonlight may increase a prey’s ability to see
predators and escape capture (Eppley et al., 2015; Eppley et al., 2017). Donati et al. (2009) found
nocturnal activity decreased with increasing nocturnal luminosity; nocturnal luminosity and diet
quality were the two main predictors of the amount of nocturnal activity (Donati et al., 2009).
Similarly, studies of the southern bamboo lemur (Hapalemur meridionalis) have shown a strong
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connection between increased nocturnal activity and increased nocturnal luminance (Eppley et
al., 2015; Eppley et al., 2017). Moon luminance has also been correlated with changes in activity
patterns in other nocturnal primates (Starr et al., 2012).
The third hypothesis is that abiotic factors such as rainfall, humidity, and temperature
(which are important causes of thermoregulatory stress) drive the variation in activity level seen
in cathemeral lemurs (Donati & Borgognini-Tarli, 2006; Donati et al., 2009). Lemurs may
change their activity phase to avoid thermoregulatory stress, and this change may be particularly
important for animals living in colder areas (including higher altitudes and latitudes), such as E.
rubriventer in Tsinjoarivo (Donati et al., 2009), or animals living in very hot areas. Donati and
Borgognini-Tarli (2006) found a positive association between temperature and the diurnal
activity of E. collaris, but its effects on nighttime activity were inconclusive. They did, however,
find that lemur nocturnal activity significantly decreased when the levels of humidity and rainfall
were high, indicating more research is needed to understand the full effects of abiotic factors
more broadly (Donati & Borgognini-Tarli, 2006).
The fourth hypothesis concerns the visual perception of food items. Some lemurs, such as
Eulemur spp., are believed to be dichromatic, meaning they have two different types of cone
cells are unable to detect red colors (Leonhardt et al., 2008). Interestingly, E. rubriventer display
an opsin gene polymorphism, meaning some individuals in the population have dichromatic
vision while others have trichromatic vision (three different types of cone cells and are able to
see red colors) (Lockhart 2012). A study by Lockhart (2012) with E. rubriventer concluded that
the lighting condition created by abiotic factors correlated with changing activity patterns.
Lighting condition (e.g., cloud cover and moon luminosities) strongly influences visual
discrimination in dichromatic animals, and it can be assumed that E. rubriventer is more likely to
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forage under conditions conducive to maximizing foraging efficiency (Endler 1997; Lockhart,
2012). Although intriguing, the Lockhart (2012) study was brief and focused only on daytime
activity. If daytime activity levels were affected by light levels, it stands to argue that the
nighttime activity would also be affected by light levels but to a greater degree.
Ganzhorn et al. (1994) proposed the fifth hypothesis, stating leaves have different
nutritional properties depending on the light level and the time of day. He found that temporal
differences in leaf chemistry resulted in leaves having the highest nutritional values at dusk and
early night. Ganzhorn et al. suggest that leaves become more highly packed with the products of
photosynthesis later in the day, whereas these products are moved to other parts of the plants
overnight; this suggests it is advantageous for animals to consume leaves at dusk and early night
when their nutritional values are at their highest.
Although more than one of these hypotheses are likely to be contributing factors to E.
rubriventer cathemeral behavior, for this thesis I focused on the first hypotheses, that the lemur’s
activity patterns are influenced by fiber intake. Comparing the lemur’s activity pattern with fiber
intake might give insight into why it is advantageous for E. rubriventer to feed over the 24-hour
period (Weather et al., 1984; Donati et al., 2007; Eppley et al., 2007). Even though E.
rubriventer is highly frugivorous, it is known to consume leaves and flowers that are higher in
fiber (Overdorff, 1993; Ganzhorn et al., 2009; Tecot, 2010). Furthermore, Lockhart (2012)
concluded that E. rubriventer populations at RNP sustained themselves throughout the lean
season by feeding on flowers that were mostly fed on at night (Lockhart, 2012). This evidence
seems to support the hypothesis that E. rubriventer extends its feeding periods into nighttime
hours as a means of coping with increased fiber in its diet.

CHAPTER 4
HYPOTHESES

This project aimed to advance our knowledge of the diet and behavior of E. rubriventer
occupying the Ankadivory region, near Tsinjoarivo. To accomplish this, there are three main
research questions. The first research question considers if protein is the nutritional driver for
foraging choices in E. rubriventer. I quantified the nutritional input (diet composition and
macronutrient intakes) over two seasons using GF tools to explore the nutritional outcomes. My
second question explores whether fiber intake influences the cathemeral activity of E.
rubriventer. Cathemeral behavior is still not fully understood, and this research may give a
deeper understanding of dietary and behavioral aspects for this species. The third question
concerns differences between the foods eaten during day and night time hours, and asks if the
diet varies by time of day and if these differences vary by season (Overdorff, 1991; Overdorff,
1996; Johnson et al., 2013).

Hypothesis 1: Nutritional Prioritization

H1A: If protein is the limiting macronutrient in the E. rubriventer diet, then it will choose foods
based on their protein content. I predict that daily protein intakes will be optimized (i.e., tightly
constrained across days and constant across seasons), while intake of other macronutrients (fat
and carbs) will vary, sometimes being consumed in excess.
H1B: If NPE is the limiting macronutrient in the diet of E. rubriventer, then it will choose foods
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based on their NPE content. I predict that daily NPE intakes will be optimized (i.e., tightly
constrained across days and constant across seasons), while daily protein intakes will vary,
sometimes being consumed in excess. I predict that protein intake will be higher during the lean
season and lower in the abundant season.
H10: Neither protein nor NPE are limiting macronutrients in the E. rubriventer diet; thus, neither
drives its foraging choices. I predict that neither protein nor NPE intakes will be optimized and
both will be consumed in widely varying amounts across days and seasons.

Hypothesis 2: Fiber Intake and Cathemerality

H2A: If cathemeral activity is a response to the consumed of less-preferred (fiber-rich) foods,
then cathemerality will increase when fiber intake increases. I predict that the degree of
nighttime activity should increase in the lean season when fruit is scarce and there is an increase
of low-quality fiber-rich foods. Additionally, nighttime foraging activity will increase and
become more periodic on days when fiber intake is higher.
H20: If fiber is not a good predictor of the cathemerality of E. rubriventer, the degree of
nighttime activity will not correlate with fiber intake either across or within seasons.

Hypothesis 3: Diet Composition

H3A: If E. rubriventer forages at night to consume foods which are easier to see at night and/or
are higher in nutrition at night, then nighttime diet composition will differ from daytime diet
composition.
H30: The nighttime diet of E. rubriventer will reflect the daytime diet in having equal
proportions of food types.

CHAPTER 5
METHODS

Study Site and Subject

The study site is close to the town of Tsinjoarivo, which is located 47 km southeast of
Ambatolampy and 80 km SSE of Antananarivo (Irwin 2013). Tsinjoarivo has a high level of
biodiversity, with at least ten primate species known to occupy this relatively small region (Irwin
2013). The Tsinjoarivo forest lays along Madagascar’s eastern mountain range spine, with the
eastern lower-altitude continuous forest having minimal human disturbance. The western central
plateau on its western side, however, has been severely affected by human settlements and forest
fragmentation (Blanco et al., 2008; Irwin 2008). I conducted my study at the Ankadivory camp
(19º42.98’S, 47º49.29’ E, 1345 m), which contains a semi-degraded, but intact, primary midaltitude rainforest (Rakotomalala et al. 2017). Although somewhat degraded by selective
logging, it represents one of the most intact stretches of forest in the region.
The climate at Tsinjoarivo is characterized by two seasons. The lean season is defined as
months when preferred foods are scarce and lower-quality foods are consumed. This falls from
May to November (Irwin et al., 2014). For lemurs in Tsinjoarivo, the abundant season is defined
as months when preferred foods are plentiful and are consumed in large quantities, falling from
December to April (Irwin et al., 2014). Exact rainfall for Ankadivory is still unknown. However,
precipitation at nearby camps ranges from an average of 2,000 mm (in fragmented sites) to 2,500
mm (in the continuous forest; Irwin 2008).
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A single adult female of E. rubriventer served as the focal animal for my study. During
the lean season, this female was solitary; however, in the abundant season, she was pair-bonded
with a male. This female was captured and collared by Dr. Mitchell Irwin, veterinarians, and
local staff on 1 June 2016. They followed the American Society of Mammologists’ Animal Care
and Use Guidelines Document and the IACUC protocol (LA12-0011), which was approved by
Northern Illinois University. Research permits were obtained from the Ministry of Environment,
Ecology and Forests in accordance with the legal requirements of Madagascar. Upon capture, the
study subject weighed 1.75 kg.

Data Collection

A team of three to four people conducted daytime focal animal follows during the lean
season for 30 days, working six days a week from June 13 to July 16, 2016. During this time, 24hour focal animal follows occurred across six consecutive days. Three teams of four people
accomplished this task, working in shifts to cover the 24-hour day-night cycle. During the
abundant season, the same protocol was used to cover the 24-hour cycle for six days (December
12-19, 2016).
Continuous data collection on the focal animal was used to record the exact time of
feeding bouts (start and stop) and the plant part and species consumed. The lemur’s foods were
categorized as flower buds, flower, gall, young leaf, young leaf and mature leaf, pseudobulb, ripe
fruit, ripe fruit with seeds, ripe fruit with seeds and unripe fruit with seeds, unripe fruit, unripe
fruit with seed, seed, soil, and mushrooms. Additionally, intake rate samples (at 1 min intervals)
were recorded with the aid of binoculars. Local research assistants aided in the identification of
plant species and in taking GPS location of feeding trees.
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In addition, instantaneous data were taken every five minutes; this included the animal’s
activity, height above ground, and the distance between the focal animal and its nearest neighbor.
The activity categories recorded were rest, travel, social, and feeding. The activity “rest” was
divided into the following subcategories: active (lemur was awake and active but not traveling,
feeding, etc.), inactive (lemur appeared to be asleep), scratch, and self-grooming. The resting
category had an additional subcategory during night follows; in times when we knew where the
lemur was but could not see her, she was recorded as “resting- out of sight.” Social data were
mostly collected in the abundant season because the study subject was without a groupmate in
the lean season. However, there was one incident in the lean season in which there was an
intergroup encounter between the focal animal and another mated pair of E. rubriventer. “Social”
activity was divided into the sub-categories of grooming, grooming mutual, play, and sent mark.
“Traveling” was described with the sub-categories ground, pause (when the lemur was midtravel but paused), between trees, and within the tree. Instantaneous data were used to analyze
daytime and nighttime activity levels and make an activity budget chart.
Samples were collected of the study animal’s main foods (roughly the top ten foods in
each of the two seasons). These samples were from the precise plant part consumed (e.g., leaf
tip, whole leaf, leaf, and stem). For example, if the focal animal only ate the leaf tips of a
particular food item, only that particular plant part was harvested. If the focal animal ate fruit
with seeds but the seeds were not digested, the seeds were removed and only the fruit flesh was
retained. After recording the wet weight of each sample, we dried the samples using a Nesco FD80A Square-Shaped Dehydrator. After the samples dried, their dry weight was recorded, and
they were packed in airtight ziplock bags within rigid containers. Samples were exported to
Northern Illinois University and then distributed to Hunter College (NY) and Dairy One Forage
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Lab (NY) for testing. Additionally, we pressed a limited number of herbarium samples of
previously unidentified plants in the field and preserved them for future taxonomic identification.
The dataset used to calculate the focal animal’s activity budget was restricted to the 24hour follows: July 4 to 9 represent the lean season, and December 14 to 19 represent the
abundant season.

Dietary Data Analysis

Pivot tables were created to organize different food items. Identification of plant species
was done with the results of the identification of past herbarium samples and a plant master list
of known family and species names from past research at Tsinjoarivo (M. Irwin, unpublished
data). Dietary breadth was compared across seasons by quantifying the use of different species
and different food types. An additional dietary profile was constructed with only the 24-hour
dataset.

Laboratory Analysis

The nutritional composition of food samples was quantified through laboratory analysis
at the Hunter College Primate Nutritional Ecology Laboratory (New York, NY) for
macronutrients and the Dairy One Forage Lab (Ithaca, NY) for minerals, following Rothman et
al. (2012). All nutrient contents are expressed on a dry matter basis.
Analyzing fiber (specifically hemicellulose, cellulose, and lignin) was a three-step
process involving treating plant samples with neutral detergent fiber (NDF), acid detergent fiber
(ADF), and then acid detergent lignin (ADL). After the initial NDF treatment, the sample residue
contained non-digestible silica, lignin, cellulose, and a fraction of B hemicellulose. Following the
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ADF treatment, the sample consisted of cellulose and lignin, which was reduced further to only
lignin after the ADL treatment.
Crude protein was measured through combustion (Dumas method) and quantification of
the nitrogen content. ADF residue was used to isolate ADIN (Acid Detergent Insoluble
Nitrogen), which was further used to calculate ADICP (Acid Detergent Insoluble Crude Protein)
(Goering et al., 1972). AP was calculated by subtracting the amount of bound protein from the
CP.
Crude fat was measured with ether extraction, and ash was measured through combustion
in a muffle furnace (Schaller, 1978; Knudsen, 2001). Standard methods were used to determine
starch and sugar content. Samples were screened for condensed tannins using the acid butanol
assay, and raw absorbance values (ABS) are presented. These are not necessarily a useful index
of tannin content due to the differing reactivity of different types of tannins (Rothman et al.,
2012). Analyses of mineral content included calcium, phosphorus, magnesium, potassium,
sodium, iron, zinc, copper, manganese, and molybdenum (Rothman et al., 2012). The total for
non-structural carbohydrates (TNC) was determined by the following equation:
𝑇𝑁𝐶 = 100 − (𝐹𝑎𝑡 + (𝐶𝑃 − 𝐴𝐷𝐼𝐶𝑃) + 𝐴𝑠ℎ + 𝑁𝐷𝐹)

Nutritional Data Analysis

Calculation of daily nutrient intakes for the study subject followed the formula proposed
by Altmann (1998):
𝐵

𝐷𝐼𝑦 = ∑ 𝐷𝑖 × 𝑅𝑥 × 𝑀𝑥 × 𝐶𝑥 × 𝑄𝑥𝑦
𝑖=1

30
In this formula, DIy is the daily intake of y (expressed in grams for nutrients, kJ for
energy), B is the number of feeding bouts, Di is the duration of feeding bout i (seconds), Rx
average intake rate (units/seconds) for food x (plant part/species combination), Mx is the mass
per intake unit (gram/unit of dry matter) for food x, Cx is the intake conversion factor for food x,
and Qx,y is the nutrient concentration or energy density of macronutrient y in food x (percent of
dry matter for nutrients, kJ/g for energy) (Irwin et al., 2014).
Using GF tools, I created RMT, ABNG, and Cumulative Intake Plots. Three RMT plots
were created to examine all food items in the diet, the lean season foods only, and the abundant
season foods only. Three more RMT plots were made to explore the daily outcomes of the 30
lean season days, the lean season 24-hour follows, and the abundant season 24-hour follows. An
ABNG was created using 24-hour data only to compare the differences in AP and NPE intake
between seasons. A cumulative intake plot was created to determine whether the AP:NPE ratio is
consistent across a multi-day study period; linearity was assessed using linear regression and
coefficient of determination (Rothman et al., 2012; Johnson et al., 2013). Differences in daily
foraging variables and intakes between the six lean-season 24-hour follows, and the six
abundant-season 24-hour follows were tested using Wilcoxon rank sum tests.
Based on the National Research Council’s (2003) recommendations, primates require
1.8-2.8 g of protein per kg body mass per day in terms of energy from protein. For the study
subject (1.75 kg), this would equal 3.15-4.9 grams of protein a day, equaling 52.72-82.01 kJ of
energy. Additionally, AP should make up 4.6-7.5% of calories and 6.4-8% dry matter in primate
diets. In captive animals, E. rubriventer diets are formulated to range from 13.7-17.7% of total
CP (Moisson & Michelis, 2008).
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Cathemerality

Day and night time were determined by averaging sunrise and sunset for each season
with the use of the Moon Calc for Tsinjoarivo (https://www.mooncalc.org; Hoffmann, 2015;
Eppley et al., 2017; Mangels et al., 2017). Depending on when the feeding bout began, each one
was assigned to day or night. To determine if a correlation existed between fiber and seasonal
nighttime activity, an index was created: “Percentage nocturnal feeding” was determined by
taking the time spent feeding at night and dividing by the total time spent feeding and then
converted to a percentage. By this index, a diurnal animal would rank 0% and a nocturnal animal
100%. Scatterplots were used to explore the relationship between this index and the nutrient
content of the daily diet, as determined by dividing the grams of the nutrients ingested that day
by the grams total dry matter ingested that day and expressed as a percentage. For this index, the
coefficient of variation (CV) was determined for each nutrient content for cross-seasonal
comparison. Additionally, NDF, TNC, AP, and Fat were compared for trends.

Testing Anti-Parasite Properties in Foods

An intriguing behavior was captured during the lean season data collection. E.
rubriventer was recorded consuming the exudate and bark of a tree locally named Ramilevina
(Family Asteraceae, Genus Apodocephala). The locals of Tsinjoarivo use this exudate as a local
traditional anti-gastrointestinal parasite medicine. Adults chew on the exudates if they suspect a
gastrointestinal parasite infection. If an infant or young child is thought to be infected, family
members create Ramilevina-infused steam by boiling the Ramilevina exudate with water. The
suspected infected child will then be held over the pot with their rectum exposed to the
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Ramilevina-infused steam, but still far enough away to not scald the child. The child’s colon is
allowed to fill with the Ramilevina-infused steam, and the parasites are said to pass, dead, in the
child’s next bowel movement.
The toxicity level of Ramilevina exudate was tested as a proxy for its potential antiparasitic effects on gastrointestinal parasites. Brine shrimp (Artemia spp.) eggs were acquired to
act as a stand-in for gastrointestinal parasites due to their long history of use in toxicity
experiments (Vanhaecke et al., 1981; Meyer et al., 1982; Caldwell et al., 2003; Paudel et al.,
2014). Housing for the specimens was 2-dram glass vials that held about 7.39 ml of water. To
hatch the eggs, spring water was mixed with the provided salinity package in an 1800 ml glass
beaker to create salt water. An air pump with an air stone was used to provide aeration to the
eggs and hatchlings. Eggs were allowed 24 hours to hatch, then the air pump was removed, and
hatchlings were allowed to settle to the bottom of the beaker for 20 minutes, after which they
were removed and added to a second aerated beaker. Food (two pinches of cornstarch) was
added to the secondary beaker and some time was allowed for hatchings to feed before the
experiment began (Meyer et al., 1982).
Forty 2-dram vials and three 8-inch petri dishes were cleaned, sterilized with rubbing
alcohol, allowed to air dry, then pre-washed with salt water and labeled before the experiment.
Ten vials filled only with salt water were used as a control. Ten high, medium, and low amounts
of Ramilevina exudate were weighed out into 2-dram vials before salt water was added. The
targeted amounts of excaudate were low = 0.0005, medium = 0.001, high = 0.0018. To count and
add brine shrimp to vials, a light table was used. The top of the light table was covered with a
black cardboard paper with 8-inch circles cut out to allow for greater visibility; a magnifying
glass with a small plastic pipette was used to ensure accuracy. Survivorship counts were taken
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after 6 and 24 hours. Room temperature, humidity, and shrimp location in the water column were
recorded at 0, 6, and 24 hours.
To evaluate survivorship, a single-classification ANOVA was performed. This
information was used to create dot and whiskers survivorship plots for 6- and 24-hour sampling
results. To correct for additional causes of mortality (e.g., improper room temperature, human
error, etc.), I used the Abbott’s Formula. This formula was created to test the effectiveness of
insecticides in commercial algaculture (Abbott 1925). However, it has proven useful in toxicity
experiments because it corrects for mortality from extenuating factors. Additionally, Abbott’s
Formula allows the efficiency of a toxin to be determined (Waddill 1978; Sulaiman 1992;
Reegan et al., 2016).

CHAPTER 6
RESULTS

Activity and Diet

Nutritional data were collected on 37 days. On fourteen of those days, we followed
animals for 24-hours (7 days of 24-hour follows during each season). In total, we obtained 460
hours of observational data, including 138.5 hours of feeding data. The 30-day lean season
dataset, including six 24-hour cycle follows, yielded 120.3 hours of feeding data. Regarding the
24-hour datasets, a combined total of 47.7 hours of feeding data was collected, with 18.3 hours in
the lean season and 29.4 hours in the abundant season. Figure 1Figure 3 shows the activity
budget for the study subject in the lean and abundant seasons. This graph was created using
instantaneous data across the 24-hour cycle and gives an estimate of how the individual allocated
her time to different activities. The study subject spent far less time feeding and more time
traveling in the abundant season in comparison to the lean season.
The lemur’s lean season diet was composed primarily of ripe fruit with seeds (89.7% of
feeding time). Other foods in the lemur’s diet included young leaf (4.2%), young leaf and mature
leaf (3.0%), unripe fruit with seeds (1.1%), gall (0.9%), pseudobulb (0.6%), mushroom (0.2%),
and ripe and unripe fruit with seeds (0.1%). The remaining food items were eaten at such a low
amount they made up less than 0.1% (See Table 1-A). During the lean season 24-hour dataset,
the combined day and night time diet was primarily composed of ripe fruit with seeds, totaling
89.9%. The day diet was overwhelmingly composed of ripe fruit with seeds and leaves totaling
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94.7% and 2.7%, respectively. The nighttime diet contained more young leaves (26.2%)
and less ripe fruit with seeds (70.3%) (See Table 1-B).

Figure 3: Comparison of cross-seasonal activity budget in a single female E. rubriventer from
24-hour focal follows. The lean season is represented by the dates of July 4 to 9, and the
abundant season is represented by December 14 to 19. These dates were selected because they
represent the most complete behavioral data out of the data set.

Overall, 33 species of plants plus one spider and one mushroom were fed on in the lean
season, and the top four plant species (Bongomboalavo, Menavahatra, Valotra, and Kimbaletaka)
made up 84.9% of the total diet. Out of the 19-species consumed in the 24-hour lean season
dataset, Bongomboalavo, Menavahatra, Valotra, and Kimbalateka made up 84.8% of the diet
(See Appendix A).
During the abundant season, the diet was comprised primarily of ripe fruit with seed and
unripe fruit with seed, totaling 41.8% and 18.9% of the diet. Other resources included leaves
(13.8%) and seeds (8.1%). A pattern of differing dietary item consumption in the daytime vs.
nighttime diet was observed in the abundant season: the daytime diet consisted of ripe fruit/ripe
fruit with seeds (43.5%) and leaves (36.9%), and the nighttime diet consisted of mostly ripe
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fruit/ripe fruit with seeds (43.0%), unripe fruit with seeds (23.3%), and flower/flower buds (8.7%
and 11.9%, respectively; see Table 1-C). During the 24-hour abundant season data collection, the
lemur fed on 40 plant species as well as soil and mushroom consumption. The top four species
made up just 40.4% of the total diet; the local names of these plants are Kimba tenany, Nonoka,
Sakaihazo, and Kimbaletaka (Appendix A).
Table 1-A, 1B and 1C show the difference in dietary items consumed by the study animal
during all data collection periods. Table 1-A includes data collected from June 13 to July 16,
2016, and the total dietary items consumed in the lean season. Table 1-B shows the 24-hour lean
season dietary item consumption collected from July 4 to 10, 2016. Table 1-C shows the
abundant season dietary item consumption December 12 to 19, 2016.
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Table 1A-C
Diet composition (plant parts consumed) by E. rubriventer at Tsinjoarivo in lean and abundant
season sampling periods.
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Nutritional Analyses

Table 2 shows the study subject’s foraging variables and dietary outcomes in the 24-hour
datasets from the two seasons. Table 2-A shows the study animal’s feeding time and nutritional
intakes; it spans from the lean season data collected July 4 to 9 and abundant season December
14 to 19. The bottom row displays the p-value. Table 2-B shows the composition of the nutrient
(AP, CP, NDF, TNC, FAT) in the diet on a percentage dry matter basis in the two seasons; it
spans from the lean season data collected July 4 to 9 and abundant season December 13 to 19
The NDF and fat content of the diet were relatively consistent across seasons, while the AP and
TNC content varied between seasons. During the abundant season, she was able to achieve
higher nutritional inputs despite a much lower time investment in feeding (see Table 1-C),
implying that available food sources were more nutrient dense. This was aided by the fact that
she had a higher mass intake rates in the abundant season. The Wilcoxon rank sum tests indicate
that several of these differences across seasons were significant.

Table 2
Shifts in Foraging Strategies and Nutritional Outcomes across Seasons
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Table 3 outlines the nutritional value of dietary items consumed by the study animal. The
dietary food items were collected between two seasons. The table displays the type (fruit, leaf,
etc.) and the local name of the food items. The “Part” column describes the specific plant part
consumed: RF = Ripe Fruit Pulp, RFSD = Ripe Fruit with Seeds, RFSD/PULP = Ripe Fruit with
Seeds Pulp, URFSD = Unripe Fruit with Seed, BD= Flower Bud, FL = Flower, PT = Petiole, YL
= Young Leaf, ML = Mature Leaf, GALL = Gall (an abnormal growth formed on the stem of
tress in response to the presence of insect larvae), PSEUOBULB = Pseudobulb (these are
bulblike parts of the stem in orchids), MUSHROOM = mushroom, and EXUDATE = trees
exudate. The “season consumed” column indicates whether the food was consumed in the lean,
abundant, or both seasons. The remaining columns are the results of the nutritional analysis and
included: Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF), Crude Fat, Crude
Protein, Ash, ADIN (Acid Detergent Insoluble Nitrogen), ADICP (Acid Detergent Insoluble
Crude Protein), Available Protein (AP), tannins, Starch, Sugar, and Total Non-structural
Carbohydrates (TNC). In the data, nd = not detected. Nonoka is unique because it was sampled
in both seasons. The first Nonoka (RFSD) was collected in the abundant season, the second
Nonoka (URFSD/RFSD) in the lean season, and the third Nonoka (URFSD) in the abundant
season. The mushroom nutritional data came from Hanson et al. (2006). Their energy
calculations were used to assume all protein was AP, fiber was crude fiber, and TNC is
substituted with % Sugar. Spider nutritional data came from Rothman et al. (2014).

Table 3
Nutritional Content of foods consumed by Eulemur rubriventer (all nutritional values are % dry matter).
Crude
Protein/ Ash/dm
dm %
%
ADIN %

TYPE

Species

Part

Season
Season
NDF/dm ADF/dm Lignin/ Crude
Consumed Collected %
%
dm%
Fat %

FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT

RF pulp
RF pulp
RF pulp
RF pulp
RF pulp
RFSD
RFSD/PULP
RFSD/PULP
RFSD/PULP
RFSD
RFSD

Lean
Both
Both
Lean
Both
Both
Both
Abundant
Abundant
Abundant
Abundant

Lean
Lean
Abundant
Lean
Lean
Abundant
Abundant
Abundant
Abundant
Abundant
Abundant

27.11
49.36
39.50
31.81
55.23
23.12
25.86
27.90
33.63
43.06
32.71

21.59
46.55
30.81
25.97
41.48
19.84
24.52
21.42
28.02
36.31
25.59

10.75
31.32
22.00
19.23
16.20
11.07
19.12
11.54
11.37
13.12
8.58

1.97
2.72
7.68
1.55
1.66
9.52
2.17
2.90
2.58
6.24
7.80

8.55
6.19
19.03
11.49
11.00
7.11
9.85
10.03
3.46
3.25
17.20

20.13
9.53
12.49
6.28
14.69
3.06
15.15
7.99
9.83
1.24
15.02

0.22
1.43
1.15
0.63
1.24
0.69
0.71
0.38
0.19
0.09
0.30

1.36
8.91
7.21
3.95
7.76
4.34
4.45
2.38
1.18
0.55
1.89

7.18
0.00
11.82
7.54
3.24
2.77
4.17
6.34
2.05
2.48
13.68

0.20
1.17
0.26
0.27
0.00
1.28
0.63
1.12
0.00
-0.01
0.03

RFSD
RFSD/PULP
RFSD
RFSD
URFSD/RFSD

Abundant
Both
Both
Both
Both

Abundant
Lean
Abundant
Abundant
Abundant

29.54
19.41
65.14
47.44
70.80

26.15
16.94
51.29
28.95
57.57

13.82
5.48
26.86
12.60
30.72

1.83
12.74
3.72
5.32
15.63

2.57
3.80
3.55
6.14
5.42

13.19
4.29
5.58
7.49
7.46

0.42
0.40
0.38
0.35
0.86

2.60
2.49
2.39
2.21
5.38

0.00
0.99
0.81
3.25
0.04

4.01
1.68
1.07
0.70
0.26

URFSD
URFSD
URFSD
URFSD
URFSD
BD
FL
PT of BD/FL
BD

Abundant
Abundant
Abundant
Abundant
Both
Lean
Lean
Lean
Both

Abundant
Abundant
Abundant
Abundant
Lean
Lean
Lean
Lean
Abundant

38.05
53.45
29.60
34.38
70.63
51.90
47.55
48.22
29.41

29.21
46.35
20.37
21.45
56.62
34.97
30.61
28.11
23.71

13.69
27.49
11.49
11.12
29.90
17.48
12.89
9.07
9.42

16.67
1.91
6.82
16.27
4.01
2.93
2.45
1.95
13.07

3.69
5.05
13.06
20.46
4.19
13.43
10.64
15.29
5.25

3.99
1.97
5.29
7.75
5.80
7.25
5.50
8.52
4.94

0.64
0.92
0.54
0.73
0.42
0.73
0.85
0.62
0.64

4.00
5.72
3.38
4.56
2.65
4.57
5.31
3.90
3.98

0.00
0.00
8.52
14.00
1.03
8.85
5.33
11.39
0.74

LEAF
LEAF

Menavahatra
Valotra
Tavolo
Malaonify
Bongomboalavo
Kimbaletaka
Sakaihazo
Sary II
Mangavato Dia
Lendemilahy
Famakilela
Fatsikahitra
Voamalampangady
Kimbaletaka
Nonoka
Voara
Nonoka
Tongolahy Small
Leaf
Sana Mavoravina
Tapiala
Tsarmasohazo
Nonoka
Hafitra mavokely
Hafitra mavokely
Hafitra mavokely
Kimbatenany
Malambovony
kelifofona
Mananasikazo

YL/ML
LEAF

Both
Lean

Lean
Lean

38.18
57.91

27.59
46.91

10.88
10.52

4.30
2.05

12.85
5.01

3.94
5.86

0.58
0.30

3.62
1.90

LEAF
LEAF
LEAF
LEAF
GALL
PSEUDOBULB

Hanambolotsangana
Velatra
Kalafambakaka
Velatra
Merampotsy
Mananasikazo

YL/ML
YL/ML
YL
YL
GALL
PSEUDOBULB

Both
Both
Both
Both
Lean
Lean

Lean
Lean
Abundant
Abundant
Lean
Lean

44.74
43.68
35.89
55.21
53.66
65.03

30.19
28.72
32.42
38.36
44.61
48.90

20.21
16.27
18.65
24.49
24.48
18.98

2.12
2.30
9.55
3.28
7.04
2.39

27.93
24.28
26.24
26.15
7.91
3.28

12.92
17.82
11.60
13.40
6.80
2.44

1.19
1.31
0.56
1.36
0.96
0.50

N/A
N/A
Lean

74.85

9.63

3.30

1.62

1.30
7.90
56.32

0.76

0.04

FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FRUIT
FLOWER
FLOWER
FLOWER
FLOWER

MUSHROOM Mushroom
SPIDER
Spider
EXUDATE
Ramilevina

MUSHROOM Both
SPIDER
Lean
EXUDATE
Lean

3.36

2.36

0.20

tannins
(ABS)

ADICP% AP%

% Starch % Sugar

19.65
17.26
10.68
24.86
6.77
16.84

ENERGY
kJ/g

42.24
32.21
21.30
48.88
17.42
57.19
46.97
51.18
50.51
46.21
27.27

9.02
6.41
8.43
10.02
4.08
13.62
9.38
10.72
9.77
10.50
9.79

0.64
3.03
4.64
2.03
1.21 nd

52.88
59.76
22.01
33.62
0.69

9.54
14.96
5.22
8.17
6.01

0.62
0.50
0.48
0.01
1.11
2.60
2.85
0.69
0.82

3.18
0.70
6.36
2.33
1.21
3.08
4.04
2.95
1.25

37.59
37.62
45.23
21.14
15.37
24.49
33.86
26.03
47.33

12.57
7.02
11.56
12.01
4.26
6.68
7.48
7.00
12.97

9.23
3.11

1.68
0.01

4.36
1.71

16.25
10.36

40.74
29.17

9.98
6.17

7.43
8.16
3.52
8.50
6.02
3.10

20.50
16.12
20.60
14.62
1.89
0.18

0.00
0.01
0.59
0.01
0.02
0.01

1.58
2.55
0.74
0.69
6.54
2.87

2.20
12.35

12.29
11.91
16.72
1.96
24.59
26.86

6.29
5.56
9.84
4.01
7.08
5.43

0.08

3.35

1.22

9.63
65.20
0.00

0.46

0.00

3.35
13.10
39.52

2.66
16.08
27.82

0.01

2.81
2.52
3.12
20.61
0.41
4.89
11.45
2.23
2.93
3.40
0.83

TNC

6.21
26.06
3.97

11.47
9.17
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Figure 4 contains box plots of the nutritional results in Table 3; these plots show how the
various food types differ in AP, Fat, TNC, NDF, ADF, ADL, and Total Energy Content. The
Available Protein plot shows that the spider had the highest level of AP. However, since spiders
were rarely consumed, leaf consumption was the main source of dietary protein. The Lipid %
plot shows that flowers and fruit are relatively high in fat. Flowers and fruits have the highest
levels of TNC. Galls have notable levels of TNC. NDF levels were fairly constant between
flower, fruit, gall, and leaf; mushroom and pseudobulb are considerably higher than the other
foods. Fruits varied considerably in their levels of ADF and ADL. The Total Energy Content plot
shows that flowers, fruits, and leaves have comparable energy content, with fruits having the
highest variability.

Figure continues on next page
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Figure cont. from previous page

Figure 4: Nutritional composition of dietary items consumed by Eulemur rubriventer.
Geometric Framework

Two types of RMT plots were created. The first type, Figure 5, displays the nutritional
composition of individual food items. Plot A displays the lean season, and food items were
collected between June 13 to July 16, 2016. Plot B displays the abundant season, and food items
were collected December 12 – 19, 2016. Plot C displays all food items available using data
collected in the lean season data collection (June 13 to July 16, 2016) and abundant season
(December 12 to 19, 2016).
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Figure 5 continues on the next page
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Figure cont. from the previous page

Figure 5: Right-Angled Mixture Triangle (RMT) plots of the individual food items in the study
subject diet in the A) lean season, B) abundant season, and C) all available data.

Figure 6 displays the second type of RMT plot, the actual daily intakes of the study
subject in both seasons derived from the 24–hour follows foods (i.e. the average of the ingested
foods weighted by their contribution to the day’s overall food intake).
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Figure 6: RMT plot. This RMT plot displays the nutritional value for daily diet outcomes of the
study subject in the lean season, collected between June 13 to July 16 and abundant season,
collected in December 12 to 19, 2016. Each point is the macronutrient balance for a day
discriminated by season in accordance to the key.
Figure 7 is an ABNG of the average 24-daily intakes of AP and NPE in kJ for both
seasons over six 24-hour follows. This graph displays the total amount of macronutrient energy
in kJ consumed by the study subject during the two 24-hour diet collection periods. The two
collection periods are from different seasons: lean (July 4 to 10, 2016) and abundant (December
13 to 19, 2016). The cross-hairs are the standard deviation of the AP and NPE intake. The rails
are the slopes comprised of the highest and lowest ratio of daily intake of nutrients.
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Figure 7: ABNG graph of macronutrient energy. Each point indicates the combined energy
intake from AP and NPE from two seasons. The slopes of the nutritional rails indicate the
highest and lowest daily AP to NPE ratio for each season. The cross-hairs are the standard
deviation.

Figure 8 is a cumulative plot for six days in the lean (July 4-9) and abundant (December
14-19) seasons. This plot focuses on how a single subject’s nutritional intake accumulates over
consecutive days. The R2 for the lean season is 0.994, while the abundant season is 0.9812. The
high R2 indicate the study subject kept her diet consistent across days in both seasons but varied
somewhat in amounts (e.g., abundant season days 5 and 6 had higher intakes).
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Figure 8: Cumulative intake plot showing cumulative Available Protein (AP) and Non-Protein
Energy (NPE) consumption by the study subject over consecutive 24-hour periods in the lean
(July 4-9) and abundant (December 14-19) seasons.

Cathemeral Activity

One graph per season was created to assess differences in feeding activity levels; Figure 9
shows the day and night activity in percent of the individual days. In the lean season, daytime
feeding activity made up the majority of feeding time. However, the inverse is true for the
abundant season. The degree of nighttime feeding does vary somewhat within each season;
however, it is the abundant season that shows the most variation.
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Figure 9: Degree of feeding activity of the study subject in two 6-day periods: lean (July 4
-9) and abundant (December 13-18).
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Figure 10 is a nocturnal index created to determine if a correlation exists between nutrient
intake and feeding activity of the study subject during two 24-hour collection periods: lean (July
4-9) and abundant (December 13-19). The y-axis is the percent of feeding occurring at night and
was determined by taking the time spent feeding at night and dividing it by the total time spent
feeding and then converted into a percentage. When reading the y-axis, a diurnal animal gets 0%
and a nocturnal animal 100%. An animal that spends exactly half of its feeding time either in the
day or night would fall on the dark black line marking the 50% point. Nutrient content of the diet
was determined by dividing the grams of the nutrient ingested that day by the grams total of dry
matter ingested that day and expressed as a percentage. Strikingly, the contribution of the various
nutrients to the 24-hour diets showed little systematic variation across the two seasons. NDF
(intake = highest: 42.2; lowest: 29.7) and TNC (intake = highest: 47.4; lowest: 32.4) appeared to
be similarly constrained with all points falling between 29%-48% of the daily diet (NDF CV:
lean = 12.7%, abundant 9.2%; TNC CV lean = 11.7%, abundant = 10.1%). Fat (intake = highest:
4.9; lowest: 9.2) was the most constricted (Fat CV: lean = 21.1%, abundant = 12.3%). AP (intake
= highest:11.9; lowest: 2.1) varied the most (AP CV: lean = 22.8%, abundant = 48.8%).
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Figure 10 continues on the next page
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Figure 10: Results of the nocturnal index plotted against intakes of NDF, TNC, AP, and fat.
Anti-Parasitic Experiment

The most notable nutritional value for Ramilevina tree exudate was the crude fat of 56.32
% (Table 3). It is possible that this fat content is related to the Ramilevina exudate’s potential
anti-parasitic effect. Comparative statistical analyses were run to determine the survivorship of
after the brine shrimp after they were exposed to Ramilevina exudate. Pairwise comparative
statistical analysis of 24-hour sampling found a significant difference between zero to medium
and zero to high amounts of Ramilevina exudate (p-value = 0.005 and p-value = 0.028,
respectively). The ANOVA table (Appendix B) indicated there is strong evidence the
Ramilevina exudate treatment has a toxic effect on brine shrimp in the 24-hour sampling (P =
0.00591).
Figure 11Figure 11 was created to compare the 6- and 24-hour data sets using the mean
and ± Standard Error (SE). F-value statistics were used in ANOVA to test if the means between
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two populations were significantly different. A weak F-value can be seen in the interval plot,
with the means of the low, medium, and high not differing greatly and not in an expected pattern.

Figure 11: Survivorship of brine shrimp. This dot and whiskers with standard error bars show the
survivorship of brine shrimp exposed to the toxic Ramilevina tree exudate. The y-axis is the
Average Survival of brine shrimp under the different treatments of low, medium, and high,
shown on the x-axis.
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Figure 12 shows the results of the Abbott’s Formula Table displayed graphically
(Appendix B). The graph serves as a proxy for the Ramilevina exudate potential anti-parasitic
effects on gastrointestinal parasites. Figure 12 displays the efficiency of the toxic effect the
Ramilevina exudate had on the brine shrimp (Abbott 1925). The results indicate Ramilevina
exudate toxicity peaks in effectiveness closer to 6 hours than 24 hours.

Figure 12: Abbott’s Formula results. Based on the results of the Abbott’s Formula this graph
shows the measure of Efficiency (E) Ramilevina tree exudate toxicity in causing mortality in
brine shrimp (Artemia spp.) with standard error bars. The Percent of Efficiency is on the y-axis,
and the Treatment Levels ordered from zero to high are on the x-axis.

CHAPTER 7
DISCUSSION

Hypothesis 1: Nutritional Prioritization

I expected protein to be the limiting macronutrient in the overall diet of E. rubriventer
because protein has been found to be the limiting macronutrient in other primate species
(Simpson & Raubenheimer, 2005; Felton et al., 2009; Gosby et al., 2011). I anticipated that E.
rubriventer would follow the pattern of other frugivorous primates like spider monkeys (Felton
et al., 2009), which have low protein intake, making protein the active driver in its foraging
choices.
H1A and H1B tested whether the balance of nutrients in the lemur’s diet differed between
the lean and abundant seasons. If AP were optimized in the diet, it would have been consumed at
consistent levels between seasons. However, this was not the case. If H1A was supported by the
ABNG plot (Figure 7) the point would be above each other, meaning protein was being
constrained in both seasons. If H1B was supported the points would be side by side. This is not
seen and the points are staggered meaning neither AP or NPE is prioritized year-round. Figure 7
also had a large standard deviation in regard to AP. It is possible that the study animal consumed
excess protein to achieve minimum energy intakes. More broadly, it is interesting to note that
during the high-protein season, the study subject had lower energy intake, and during the lowprotein season, she had higher energy intake. This raises the possibility that in the lean season,
the study animal forages to meet her protein target (and overeats energy). Conversely, in the
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abundant season, the study animal forages to meet her energy target (and overeat protein).
Alternatively, it is possible that another nutrient, such as a key mineral, is being prioritized.

This indicates that the lemur’s foraging strategy was not optimizing AP intake (Figure 6;
Figure 7). There are three explanations for why AP was not being optimized by the study subject.
First, there is another nutrient being optimized, and this created a constant surplus of AP in the
diet. Second, AP is in surplus in the lemur’s foods during the abundant season but not in the lean
season; if true, AP would be optimized in the lean season but not in the abundant season. Third,
AP is in surplus in foods during the abundant season and deficient in the lean season. The final
alternative is that AP is deficient all year long, which would be impossible as it would lead to
wasting and death. This alternative seems unlikely because the study subject was found alive the
following year.
National Research Council (2003) recommends the study subject (1.75 kg) intakes 3.154.9 grams of protein a day, equaling 52.72-82.01 kJ of energy per day. Furthermore, the National
Research Council recommends that AP should make up 4.6-7.5% of calories and 6.4-8% dry
matter in primate diets. In this study, I found my study animal had lean season intakes of 5.07
grams and abundant season intakes of 8.76 grams, suggesting she was exceeding minimum
protein intakes through both seasons. This may support the first explanation that another nutrient
was being optimized, and this created a constant surplus of AP in the diet.
Captive E. rubriventer’s foods are formulated to have CP fall from 12-15% of the diet
(Moisson & Michelis, 2008). The average percent of CP in the wild lean season diet is 11.09%
+- 2.99% and for the abundant season it is 16.10% +- 4.79% (Table 2-B). National Research
Council (2003) general guidelines for primates and the zoo guidelines for CP differ. AP is a
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more precise way of measuring protein than CP, which might explain this difference. It is also
assumed that not all the protein in the CP was available to the study subject in the wild diet. For
example, the abundant season diet had dietary items such as leaves of Malambovony kelifofona
and Kalafambakaka, that are high in tannins.
Moisson and Michelis (2008) recommends 70 to 130 grams of dry matter for animals in
captivity. The study subject ingested more dry matter than the captive animal recommendation
[lean season = 190.45 g +- 46.8 g and abundant season = 126.18 g +- 39.0 g (Table 2-A)]. Wild
foods are assumed to be less nutrient-dense in comparison to captive animal foods. Therefore,
the study subject needed to compensate by eating more. This helps explain why the study subject
consumed more food than what is thought to be needed by captive animals.
The study subject’s energy intakes averaged 1999.30 kJ/day in the lean season and
1324.17 kJ/day in the abundant season. To compare among species and theoretical requirements,
one has to use a scaling factor to account for the fact that larger-bodied animals have lower
pound-for-pound metabolic requirements. When expressed using this scaling factor, her energy
intakes were 1305 and 864 kJ/BMkg0.762/day (lean season and abundant season, respectively).
Primate comparisons are limited; however, this is comparable to diademed sifakas energy intakes
at Tsinjoarivo 1049 kJ/BMkg0.762/day (Irwin et al., 2015). The study subject’s energy intake was
higher than three captive lemurs (Eulemur fulvus, Eulemur mongoz, and Lemur catta) studied by
King et al. (2011) that all consumed between 361-514 kJ/BMkg0.762/day, although it is assumed
that energy expenditure is higher in the wild. Another lemur example is from Sterling et al.
(1994) who found that captive and wild aye-ayes’ (Daubentonia madagascariensis) energy
intake was between 548-721 kJ/BMkg0.762/day (assuming a body mass of 2.46 kg). The energy
intake of D. madagascariensis is, therefore, less than the study subject’s. Felton et al. (2009)
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found that spider monkeys consume 403

kJ/BMkg0.762/day,

this is much less than the study

subject. Rothman et al. (2008) found the energy intake for three groupings of mountain gorillas,
adult males = 608 kJ/BMkg0.762/day, adult females = 1024 kJ/BMkg0.762/day, and juveniles =
1111 kJ/BMkg0.762/day.

Hypothesis 2: Fiber Intake and Cathemerality

I expected to find an increase in dietary fiber and higher nighttime activity during the
lean season, as in Mandena littoral forest (Eppley et al., 2017). I hypothesized that this increase
in fiber would cause E. rubriventer to feed more evenly throughout the day and night as a
behavioral strategy to cope with the increase of fiber-rich leaves in their diet. During the
abundant season, I expected less nighttime activity because of increased fruit availability, and
thus consumption of fruit in daylight hours.
Figure 4 shows that NDF levels were fairly constant among flower, fruit, gall, and leaf.
Although Malagasy fruits are known to be fibrous, it was unexpected they would be on the same
level as leaves and flowers. Mushroom and pseudobulbs are the two highest-fiber foods,
respectively, and were consumed only in the lean season. ADF and ADL had the largest
variability in fruit, meaning many, but not all, of the study subject’s main dietary items were
high in these types of fiber. In terms of proportions of dry matter ingested, lean and abundant
seasons showed nearly identical levels of NDF (lean = 34.76% +- 4.42% and abundant = 37.29%
+- 3.45% (Table 2).
Figure 10 addressed the question of changing fiber intake between seasons. Again, the
study subject had a much higher nocturnal activity level in the abundant season compared to the
lean season, which was unexpected. On average, the only nutrient examined having lower daily
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intakes in the lean season was AP (lean = 5.07 g; abundant = 8.76 g). All other nutrients (Fat,
TNC, NDF, ADF, and ADL) had higher daily intakes in the lean season (Table 2). When looking
at nutrients in proportions of the diet, the CV’s of NDF and TNC did not change dramatically
between seasons (lean = 12.7 %, abundant 9.2 %). AP’s CV was the highest of all the nutrients
(lean season = 22.8 % and abundant season = 48.8 %). Fat’s CV had the second highest CV in
the lean (= 21.1 %) and the abundant seasons (= 12.3 %).
The leading hypothesis for Eulemur spp. cathemerality is that increased fiber makes it
necessary to feed throughout the day and night (Donati et al., 2007; Eppley et al., 2017). This
dataset suggests that increased nighttime feeding in E. rubriventer is not a strategy to cope with
increased fiber in their diet. Thus, this study supports null hypothesis H20, fiber is not a good
predictor of cathemerality of E. rubriventer.
During the abundant season, there was a notable increase in consumption of flowers
(8.7%) and flower buds (11.9%). As discussed in Chapter 2, by feeding on flowers at night,
which are located on the more exposed outer branches, lemurs may reduce the risk from aerial
predators like diurnal birds of prey (Karpanty, 2006; Overdorff and Tecot, 2006). However,
flower feeding cannot explain this pattern entirely because although all flower feeding was at
night, several other foods were consumed at night too. Cathemerality as an anti-predator strategy
has been tested for other lemur species (Kappeler, 1997; Starr et al., 2012; Eppley et al., 2015;
Eppley et al., 2017) and might be an ultimate cause for cathemerality in E. rubriventer; however,
this seems unlikely for lemurs in Tsinjoarivo because the area maintains its forest cover
throughout the year, unlike deciduous forests elsewhere in Madagascar.
Abiotic factors could have affected the study subject’s cathemeral behavior as well, but
more local sampling is needed to test this (Donati & Borgognini-Tarli, 2006; Donati et al., 2009).
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Abiotic factors were not recorded, but Tsinjoarivo’s winters are known to be cold, getting close
to 0°C at times. This could have affected the behavior of the lemur, making it necessary to forage
more during the day in the colder lean season (as was observed), allowing the lemur to huddle at
night to conserve heat when cold stress is most acute.
Another explanation as to why E. rubriventer may forage on leaves more during the night
is that leaves have higher nutritional value during this period. The study subject could be
focusing her foliage intake during evening times because leaves photosynthesize throughout the
day, and therefore in the late afternoon and early evening, the leaves contain the nutrients created
during the day, as they have not been moved to other parts of the plant (Ganzhorn et al., 1994).
Additional studies focusing on the actual nutritional value of foliage at different times of day
would help give insight into this possibility.
It should be noted that because these data set are based on 14 days of 24-hour data
collection, split between two seasons, the results could be misleading. As stated earlier, E.
rubriventer has a highly variable activity cycle, switching from diurnally to cathemerality from
one month to the next (Overdorff, 1991; Overdorff, 1993; Overdorff, 1996; Tecot, 2010;
Lockhart, 2012; Tecot & Romine, 2012; Wright et al., 2012). A longer study on the nocturnal
habitats of E. rubriventer is needed to better understand lemur habits.

Hypothesis 3: Day and Night Diet Composition

In both the lean and abundant seasons, day and night time diets differed. In the lean
season, the lemur ate less ripe fruit at night: ripe fruit was 94.7% of the diet during the day as
compared to 70.3% at night. Meanwhile young leaf consumption increased during nighttime
feeding bouts, from 0.5% (day) to 26.2% (night). In the abundant season, the amount of ripe fruit
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consumed stayed relatively constant. However, consumption of young leaves dropped at night,
from 13.1% (day) to 4.5% (night). Furthermore, flowers and flower buds were eaten at high
levels (20.6%) during nighttime feeding bouts but were not consumed during the day. These data
support H3A: Nighttime diet composition differs from daytime diet composition and reject the
null hypothesis.
Exploring the reasons behind this variation requires consideration of the physiological
limitations E. rubriventer experience while foraging at night. One reason fruit consumption
decreases at night during the lean season could simply be E. rubriventer have a hard time finding
fruit under low light conditions. As discussed earlier, the perception of color is strongly
influenced by lighting conditions (Endler 1997; Lockhart, 2012). It can be assumed that E.
rubriventer are likely to forage under conditions most conducive to color discrimination to
maximize their foraging efficiency. Animals reliant on color vision see best in white-lighted
conditions rather than darker night conditions (Schneider and von Campenhausen 1998;
Lockhart, 2012). Additionally, the ripe fruits E. rubriventer consumed were red, dark blue, and
black, colors that would be difficult to see in low light, lending more support to this theory.
There are similar possible non-mutually exclusive factors to the difference in day and
night time activity as hypothesis 2. One possibility is differing nutritional values of leaves across
the 24-hour cycle, with leaves possibly being most nutritious toward the end of the day and into
the night (Ganzhorn et al. 1994). Another possibility is that lemurs in Tsinjoarivo feed on
flowers at night when the predation risk is lower from diurnal hawks (Starr et al., 2012; Eppley
et al., 2015; Eppley et al., 2017). Furthermore, lemurs may forage on flowers at night because it
is more efficient to focus on fruit in daylight when color vision can be used best in white-lighted
conditions to distinguish between ripe and unripe fruits (Schneider and von Campenhausen 1998;
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Lockhart, 2012). Finally, there were factors in the consumption of flowers that researchers could
not record. For example, lemurs could focus their flower feeding bouts to increase their chances
of consuming pollinating nocturnal insects. If this is true, the lemur would consume extra protein
and fat (Lambert, 2007; Felton et al., 2009).

Anti-Parasitic Experiment

Previous research has documented lemur self-anointing behavior (Das et al., 2014;
Enghoff et al., 2014). Huffman (2016) developed five levels of medicinal plants, and it is
possible that lemurs are demonstrating his fourth level, the “ingestion of a substance for the
curative treatment of a disease or the symptoms” (Huffman, 2016, p. 1). My results suggest that
Ramilevina exudate may act as an anti-parasitic agent targeting gastrointestinal parasites, as the
substance kills brine shrimp in the laboratory. The Abbott’s Formula Graph (Figure 12) shows
there is a peak in toxicity of the exudate around six hours after treatment. Like all frugivores, E.
rubriventer have a relatively quick gut passage time, which might limit the ability of the exudate
to kill off intestinal parasites. Because the E. rubriventer have a high fiber diet, gut passage time
might be slower than expected, providing time for the exudates to act as anti-parasitic medicine.
Alternatively, the exudates contained crude fat, 56.32/dm % (Table 3); thus, the exudate may be
consumed for its fat rather than as a medicine. However, it is unclear if the study subject could
digest the exudate to gain access to this fat. At this point, the sample sizes for abundant season
foods and for shrimp tested in the anti-parasitic experiment are too small to make a definitive
statement as to why the exudate is consumed.
I encountered problems with the laboratory methodology. Shrimp avoided the bottom of
vials where the Ramilevina exudate had settled. The exudate found in the study animals’ feces
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was gelatinous rather than the raw hard tree exudate used in the experiment, thus it is not clear
that the toxic nature of the Ramilevina was tested to its fullest. I suggest that refinement of these
experimental methods is needed to further test the medicinal properties of this exudate.

Additional Implications

First, the overall difference between seasonal food items were examined. Evidence
suggests the study subject had a different strategy in the lean season than in the abundant season.
Surprisingly, the lean season strategy depended more heavily on fruit and had higher feeding
time in comparison to the abundant season (Figure 3; Table 1 A-C). This is the opposite pattern
seen in sifakas in Tsinjoarivo (Irwin et al., 2015). Additionally, the study subject’s energy intake
was higher in the lean season (Table 2 A). Some explanations for this could be that Tsinjoarivo is
a cold forest and the study subject was alone. This could have made it necessary for her to ingest
more energy to maintain homeostasis and survive the close to freezing temperatures with no
family group to huddle together with for warmth. Another explanation is that fruits in the lean
season are lower in nutritional quality. This may explain the longer feeding times to either
process enough or allow for a decent amount of nutrients to add up.
Additionally, the lean season had a much smaller dietary breadth, with only four species
making up the top 84.9% of her diet. When 84.9% of her abundant season food species are
totaled, they encompass fifteen different species. The lower amount of traveling time and lower
dietary diversity in the lean season may indicate that E. rubriventer were attempting to reduce
energy output by limiting the amount of traveling. This is supported in Figure 3, where travel
time increases during the abundant season. Additionally, animals may increase their dietary
diversity when eating leaves, as more species of trees have leaves than have fruits (Irwin et al.,
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2015). This pattern is seen in the study subject, with the abundant season having a larger
percentage of leaves in the diet and higher dietary diversity (Figure 3).
The overall difference between seasonal activities were examined by comparing Figure 3
to Overdorff’s (1996) results. A pattern similar to Overdorff’s (1996) emerges, but the
percentages between the two studies differ greatly at times: feeding (Overdorff; about 20%; lean
about 24%; abundant about 9%), resting (Overdorff; about 54%; lean about 65%; abundant about
64%), and travel (Overdorff; about 22%; lean about 4%; abundant about 10%) is observed. The
contrast between seasons at Tsinjoarivo is similar to that reported by Overdorff (1996), with
feeding making up a higher percentage of time in the lean season than during the peak food
availability. In the abundant season, E. rubriventer spent more time engaging in activities other
than feeding. The differences in the data between this study and Overdorff (1996) might arise
from smaller sample size, the study subject being an unmated pair in the lean season, or
differences in the habitats between Tsinjoarivo and RNP.
Figure 5 shows the distribution of the nutrients in the different types of food. Leaves had
the highest AP (in reference to food types mostly eaten) and fruits were among the lowest. The
results fit the known pattern of Madagascar’s fruits being protein-poor and high in fiber
(Ganzhorn et al., 2009). Leaves and insects are two the main sources of protein in primate diets
(Lambert, 2007). Gall was an unexpected food item and showed moderate levels of lipids, TNC,
and energy content. Flowers had fairly high levels of TNC% and were comparable to fruits. The
Total Energy Content plot shows flowers, fruits, and leaves have comparable energy content,
which may be why these were the mainstay of the study subject’s diet.
Figure 8 shows a high R2 for both seasons (lean = 0.994; abundant = 0.9812), suggesting
consistency across days in nutrient composition of the diet. However, the seasons differed in the
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makeup of the diet, with a higher AP: NPE ratio in the abundant season and variation in both AP
and NPE across seasons (Figure 7).
Thus, if we review the nutritional ecology models presented in the introduction, we can
determine which are supported by my data. The protein leverage hypothesis proposes that the
intake of protein remains constant, while diet composition varies, with NPE being consumed in
excess if the needed level of protein is not being reached. This hypothesis is not supported by my
data.
The second nutritional ecology model, nitrogen maximization, is not supported in both
seasons. AP seems to be prioritized in the lean season, but was not in the abundant season. The
third model (minimizing Plant Secondary Metabolite intakes) was not examined but is most
likely a factor in lemur dietary choice. The fourth model (Fiber minimization) did not seem to be
supported because the foliage ingestion did not follow the expected pattern of with higher fiber
intakes in the lean season and lower intakes in the abundant season (Felton et al., 2009; Vogel et
al., 2012). The fifth model, nutrient balancing, seems to be partially supported by my data. As
shown in the RMT plot in Figure 6, even though the study subject’s lean and abundant seasonal
diets do not overlap, they are constrained to a relativity small area of the chart in regard to their
season (Felton et al., 2009). However, regarding absolute intakes, the AP: NPE ratio varied
widely; this is not expected under a nutrient balancing scenario.

CHAPTER 8
CONCLUSION

My results suggest that neither Available Protein (AP) nor Non-Protein Energy (NPE) are
the limiting macronutrients in E. rubriventer diets and neither drive foraging choice. However,
the consumption of NPE and protein intake did not show random patterns of consumption nor a
random pattern of intake across days and seasons. These results suggest a possible hybrid
scenario: that AP is likely prioritized in the lean season and NPE is prioritized in the abundant
season. Additional research should test this hybrid scenario. Further, the proportional balance of
the three macronutrients in daily diets (carbohydrates, fats and protein) was highly constrained
within and across seasons, suggesting that the lemur maintains a proportionally balanced diet.
Additionally, my results demonstrate that the lemur’s nighttime diet differs from its
daytime diet. E. rubriventer consumed more non-fruit dietary items during nocturnal feeding
bouts (leaves in the lean season and flowers in the abundant season). According to Curtis and
Rasmussen (2002), field studies with cathemeral lemurs that focus exclusively on daytime
activity can severely impair our understanding of lemur behavior and ecology. The 24-hour diet
information revealed that, for cathemeral animals such as E. rubriventer, only looking at daytime
diet consumption can lead to an inaccurate diet profile. Exclusive daytime diet research can yield
information on dietary breath but requires longer observations to do so; nevertheless, five novel
dietary species were observed being consumed by the study subject at night throughout the
whole project. More research on E. rubriventer is needed to provide a complete understanding of
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their nutritional goals.
Dietary profile information should be used to assist in conservation efforts in Tsinjoarivo.
As seen in Appendix A, E. rubriventer depend on large fruiting trees. Many of these trees are
lacking in the fragmented forest and should be the focus of re-planting efforts. Planting efforts
should focus on trees that have foods high in protein and energy dense (e.g., Malaonify;
Kimbaletaka; Malambovony kelifofona; Menavahatra), especially those seen to be used and
preferred by Eulemur rubriventer. In this way, we can help ensure that E. rubriventer will
survive despite increasing pressure on their habitat from human populations.
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APPENDIX A
RUBRIVENTER DIET COMPOSITION: FOOD SPECIES
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Total Lean Season
Rank

Species

Duration In
Percentage
Seconds
of Diet
133341
30.83%

Family

Genus

Species

1 BONGOMBOALAVO

Lamiaceae

Vitex

unknown

2 MENAVAHATRA

Phyllanthaceae

Antidesma

madagascariense

110180

25.48%

3
4
5
6
7
8

Rubiaceae
Clusiaceae
Erythroxylaceae
Rubiaceae
Moraceae
Asteraceae

Antirhea
Garcinia
Erythroxylum
Psychotria
Ficus
Brachylaena

62289
61371
24739
13777
5753
3929

14.40%
14.19%
5.72%
3.19%
1.33%
0.91%

Orchidaceae

Bulbophyllum

2635

0.61%

Primulaceae
Meliaceae
unknown
Verbenaceae
Rubiaceae
unknown
Lauraceae
Rubiaceae
unknown
unknown
unknown
Lauraceae
Rubiaceae
Aquifoliaceae
Clusiaceae
Moraceae
Loranthaceae
unknown

Oncostemum
Astrotrichilia
unknown
Clerodendrum
Canthium
unknown
Cryptocarya
Canthium
unknown
unknown
unknown
unknown
Canthium
Ilex
Garcinia
Ficus
Bakerella
unknown

2524
1496
1207
1140
1121
1014
929
804
790
776
616
351
245
225
207
206
159
151

0.58%
0.35%
0.28%
0.26%
0.26%
0.23%
0.21%
0.19%
0.18%
0.18%
0.14%
0.08%
0.06%
0.05%
0.05%
0.05%
0.04%
0.03%

28 HOANINASITY

Rubiaceae

Psychotria

125

0.03%

29 SAKAIHAZO

Sapindaceae

Allophylus

118

0.03%

30 ROHINDAMBO

Smilacaceae

Smilax

99

0.02%

31
32
33
34
35

Asteraceae
Phyllanthaceae
Rubiaceae
Malvaceae
unknown

Apodocephala
Wielandia
Pauridiantha
Dombeya
unknown

borborica
tsaratananensis
nitidulum
ankafinensis
antandronarum
merana
cf. section
Loxosepalum
acuminatum
elliotii
unknown
micans
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
mitix
unknown
tiliifolia
clavata
unknown
Aff.macrochlamy
s
pinnatus
anceps var.
kraussiana
pauciflora?
mimosoides
paucinervis
Alleizettei
unknown

52
46
30
21
11
432477

0.01%
0.01%
0.01%
0.00%
0.00%

VALOTRA
KIMBALETAKA
MALAMBOVONY KELIFOFONA
MALAONIFY
NONOKA
MERAMPOTSY

9 MANANASIKAZO
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

KALAFAMBAKAKA
SARY
HANAMBOLOTSANGANA
FANTSINAKOHO
FATSIKAHATRA SMALL LEAF
?
TAVOLO
FATSIKAHATRA
VELATRA
MUSHROOM
VAHY RONONO
TAVOLO MANAVODREVO
FATSIKAHATRA BIG LEAF
HAZONDRANO
VOAMALAMBOTAHOLAHY
VOARA
TONGOALAHY BL
ORCHID

RAMILEVINA
FANJAVALA
FANALA
HAFITRA MAVOKELY
SPIDER
Grand Total

78
24-Hour Lean Season
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Species
BONGOMBOALAVO
MENAVAHATRA
KIMBALETAKA
VALOTRA
MALAONIFY
MALAMBOVONY
KELIFOFONA

Family
Lamiaceae
Phyllanthaceae
Clusiaceae
Rubiaceae
Rubiaceae

Genus
Vitex
Antidesma
Garcinia
Antirhea
Psychotria

Species
unknown
madagascariense
tsaratananensis
borborica
ankafinensis

Erythroxylaceae

Erythroxylum

MANANASIKAZO
MERAMPOTSY
HANAMBOLOTSANGANA
FATSIKAHATRA
VOARA
SARY
MUSHROOM
NONOKA
TAVOLO
KALAFAMBAKAKA
VAHY RONONO
VOAMALAMBOTAHOLAHY
RAMILEVINA
Grand Total

Orchidaceae
Asteraceae
unknown
Rubiaceae
Moraceae
Meliaceae
unknown
Moraceae
Lauraceae
Primulaceae
unknown
Clusiaceae
Asteraceae

Bulbophyllum
Brachylaena
unknown
Canthium
Ficus
Astrotrichilia
unknown
Ficus
Cryptocarya
Oncostemum
unknown
Garcinia
Apodocephala

nitidulum
cf. section
Loxosepalum
merana
unknown
unknown
tiliifolia
elliotii
unknown
antandronarum
unknown
acuminatum
unknown
unknown
pauciflora?

Duration In Percentage
Seconds
of Diet
42580
35.04%
22109
18.19%
20782
17.10%
17635
14.51%
4368
3.59%
9197

7.57%

1278
733
419
410
196
140
137
107
98
742
506
57
32
121526

1.05%
0.60%
0.34%
0.34%
0.16%
0.12%
0.11%
0.09%
0.08%
0.61%
0.42%
0.05%
0.03%

79
24-Hour Abundant Season
Genus
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Species
KIMBA TENANY
NONOKA
SAKAIHAZO
KIMBALETAKA

Family
Clusiaceae
Moraceae
Sapindaceae
Clusiaceae

Symphonia
Ficus
Allophylus
Garcinia

SANA MAVORAVINA
TSARAMASOHAZO
KALAFAMBAKAKA
TAPIALA
VELATRA
VOARA
SARY 2
KALAFANA
FATSIKAHITRA
VOAMALAMPANGADY
TAVOLO MALADIA
HANAMBOLOTSANGANA
TSIRAMIRAMY
SARY
LENDEMILAHY
VOARAPOITRA
VALOTRA
VOAMALAMBOTAHOLAHY
BONGOMBOALAVO
VAKOANA
TONGOALAHY SL
FAMAKILELA
MANGAVATO DIA
ROTRAFOTSY
TONGOALAHY BL
TAVOLO TANDROKONDRY
MUSHROOM
MANALO 1
TONGOALAHY
TOMENJY
TAVOLO PIKA
TAVOLO
SOIL
FANORAFA
MALAMBOVONY
KELIFOFONA
MATAVIKELY
ROBARY
KITONDA
Grand Total

Elaeocarpaceae
Apocynaceae
Primulaceae
unknown
unknown
Moraceae
Meliaceae
Primulaceae

Elaeocarpus
Petchia
Oncostemum
unknown
unknown
Ficus
Astrotrichilia
Oncostemum

Species
unknown
antandronarum
pinnatus
tsaratananensis
sp. poss
rufovestitus
madagascariensis
acuminatum
unknown
unknown
tiliifolia
unknown
unknown

unknown
Lauraceae
unknown
Anacardiaceae
Meliaceae
Loganiaceae
Myrtaceae
Rubiaceae
Clusiaceae
Lamiaceae
Pandanaceae
Loranthaceae
Moraceae
Oleaceae
Myrtaceae
Loranthaceae
unknown
unknown
Loranthaceae
Loranthaceae
unknown
Lauraceae
Lauraceae
unknown
Rubiaceae

unknown
Cryptocarya
unknown
Abrahamia
Astrotrichilia
Anthocleista
Eugenia
Antirhea
Garcinia
Vitex
Pandanus
Bakerella
Ficus
Noronhia
Syzygium
Bakerella
unknown
unknown
Bakerella
Bakerella
unknown
Cryptocarya
Cryptocarya
unknown
Pauridiantha

unknown
rigidofolia
unknown
ditimena
elliotii
unknown
unknown
borborica
unknown
unknown
unknown
clavata
unknown
crassiramosa
parkeri
clavata
unknown
unknown
clavata (?)
clavata
unknown
crassifola
unknown
unknown
paucinervis

Erythroxylaceae
unknown
Myrtaceae
Ericaceae

Erythroxylum
unknown
Syzygium
Vaccinium

nitidulum
unknown
unknown
emirnense

Duration In Percentage
Seconds
of Diet
8942
13.55%
6886
10.43%
5434
8.23%
5379
8.15%
4928
4912
3970
2350
2341
2339
2214
1941

7.47%
7.44%
6.01%
3.56%
3.55%
3.54%
3.35%
2.94%

1676
1317
1292
1088
979
810
745
726
680
646
598
547
537
514
424
373
339
309
180
114
98
71
70
68
43

2.54%
2.00%
1.96%
1.65%
1.48%
1.23%
1.13%
1.10%
1.03%
0.98%
0.91%
0.83%
0.81%
0.78%
0.64%
0.57%
0.51%
0.47%
0.27%
0.17%
0.15%
0.11%
0.11%
0.10%
0.07%

43
29
29
28
66009

0.07%
0.04%
0.04%
0.04%

APPENDIX B
ANTI-PARASITIC EXPERIMENT

81
6-Hour Analysis of Variance Table

Group

Df

Sum Sq

Mean Sq

F value

Pr(>F)

3

5.7

1.9

2.87

0.05

24-Hour Analysis of Variance Table

Group

Df

Sum Sq

Mean Sq

F value

Pr(>F)

3

14.475

4.825

4.893

0.00591

Abbott’s Formula

Treatment
Level

6- Hour
Efficiency (E)
and Standard
Error (SE)

24-Hour
Efficiency (E)
and Standard
Error (SE)

Low

8.89%±3.22

9.39%±5.77

Medium

9%±3.15

16.31%±4.23

High

8%±3.27

13.33%±4.0

